Various phenotypes ranging from biofilm formation to pigment production have been shown to be regulated by quorum sensing (QS) in many bacteria. However, studies of the regulation of pigments produced by marine bacteria in saline conditions and of biofilm-associated phenotypes are scarcer. This study focuses on the demonstration of the existence of a QS communication system involving N-acylhomoserine lactones (AHLs) in the Mediterranean Sea strain Pseudoalteromonas ulvae TC14. We have investigated whether TC14 produces the violacein pigment, and whether intrinsic or exogenous AHLs could influence its production and modulate biofilm-associated phenotypes. Here, we demonstrate that the purple pigment produced by TC14 is violacein. The study shows that in planktonic conditions, TC14 produces more pigment in the medium in which it grows less. Using different approaches, the results also show that TC14 does not produce intrinsic AHLs in our conditions. When exogenous AHLs are added in planktonic conditions, the production of violacein is upregulated by C 6 -, C 12 -, 3-oxo-C 8 and 3-oxo-C 12 -HSLs (homoserine lactones), and downregulated by 3-oxo-C 6 -HSL. In sessile conditions, 3-oxo-C 8 -HSL upregulates the production of violacein. The study of the biofilm-associated phenotypes shows that oxo-derived-HSLs decrease adhesion, swimming and biofilm formation. While 3-oxo-C 8 and 3-oxo-C 12 -HSLs decrease both swimming and adhesion, 3-oxo-C 6 -HSLs decrease not only violacein production in planktonic conditions but also swimming, adhesion and more subtly biofilm formation. Therefore, TC14 may possess a functional LuxR-type QS receptor capable of sensing extrinsic AHLs, which controls violacein production, motility, adhesion and biofilm formation.
INTRODUCTION
Whether on natural or abiotic surfaces, biofilm formation is initiated by bacterial adhesion, during which time flagella can play an important role promoting bacterial motility and initial attachment. This step is followed by the maturation and finally the dispersion of the biofilm (Brian-Jaisson et al., 2014; Characklis, 1981; Davey & O'Toole, 2000; Dheilly et al., 2010; Grasland et al., 2003; Kumar et al., 2011) . In the marine environment, the capacity of bacterial species to adhere and form a biofilm in situ and in vitro has been shown to vary depending on several factors, such as the environmental conditions and the type of surface involved (Brian-Jaisson et al., 2014; Camps et al., 2011; Danovaro et al., 2010; Lee et al., 2008) . Due to numerous ecological and economic consequences of biofilm and subsequent biofouling formation on immersed artificial surfaces in the marine sector, such as ships drag reduction or species relocation (Yebra et al., 2004) , alternative research strategies to limit biofilm development in an eco-friendly manner have been investigated. One of the strategies being studied today is quorum sensing (QS) inhibition of microbial biofilm (Dobretsov et al., 2009; Kjelleberg & Molin, 2002; Manefield et al., 1999) . This could represent, in combination with other strategies integrating surface properties and structuring, as well as anti-adhesive molecules, a way to limit biofilm and biofouling development on ship hulls. Therefore, understanding the mechanism of QS-controlled biofilm-associated phenotypes of marine bacteria developing on inert surfaces is the first step towards the discovery of potential QS inhibitors that could be effective in marine conditions.
One of the inter-bacterial QS communication systems used by Gram-negative bacteria involves small diffusible molecules called N-acylhomoserine lactones (AHLs) that regulate gene expression in a synchronized manner and are dependent on cell density (Fuqua et al., 1994; Li & Tian, 2012; Whitehead et al., 2001) . AHLs are typically produced by a LuxI-type enzyme (AHL synthase) and are passively secreted into the medium. When the extracellular concentration of AHLs reaches a critical threshold, these compounds penetrate into the cell and bind to LuxR-type receptors. The complex AHL-receptor binds to target genes and regulates their transcription (Fuqua et al., 1994) . QS is involved in many physiological processes, including production of virulence factors (de Kievit & Iglewski, 2000; Rutherford & Bassler, 2012) , emission of bioluminescence (Eberhard et al., 1981; Visick et al., 2000) , pigment production including violacein (McClean et al., 1997) , attachment, motility (Givskov et al., 1998; Huber et al., 2001; Labbate et al., 2004) and biofilm formation (Davies et al., 1998; Labbate et al., 2004) . QSregulated visible phenotypes such as violacein production can be used as a reporter system to evidence a QS communication between bacteria. Not only are few data available on the regulation of violacein production by QS molecules, but also very few studies can be found on the regulation of QS-controlled phenotypes associated with biofilm developed by marine bacteria on inert surfaces (Dobretsov et al., 2009; García-Aljaro et al., 2012) .
In a previous study, the isolation of a number of bacterial strains from biofilms formed on immersed surfaces in the Mediterranean Sea has led to the identification of a new strain of Pseudoalteromonas ulvae named TC14, which forms a biofilm on polystyrene in vitro (Brian-Jaisson et al., 2014) and produces a purple pigment. TC14 belongs to a genus frequently found and isolated from the marine environment that can produce numerous active molecules (Bernbom et al., 2011; Dheilly et al., 2010; Egan et al., 2000 Egan et al., , 2001 Hayashida-Soiza et al., 2008; James et al., 1996; Klein et al., 2011; Skovhus et al., 2007) . This present study focuses on exploring the existence of a QS communication system involving AHLs in TC14. More precisely, we have investigated whether the pigment produced by P. ulvae is violacein, and whether AHL could modulate this pigment production and biofilm formation.
METHODS
Bacterial strains and culture conditions. P. ulvae TC14 was cultivated aerobically either on VNSS (Väätänen nine salt solution) medium (Mardén et al., 1985) or MB (marine broth) medium (Difco) (Hansen & Sørheim, 1991) , two marine media frequently used for marine bacteria (Brian-Jaisson et al., 2014; Egan et al., 2001) , at 20 uC with agitation at 120 r.p.m., until post-exponential growth phase was reached. The biosensor strains Agrobacterium tumefaciens A136 and KYC6, and Chromobacterium violaceum CV026, 31532 and 12472, were cultivated in LB agar or broth with agitation at 200 r.p.m., at 30 uC, supplemented with antibiotics when necessary (Chu et al., 2011) .
Extraction of violacein. Following culturing of bacteria in planktonic or sessile conditions, in the presence of AHLs when required, extraction of violacein was performed at different time points, as described elsewhere (Lu et al., 2009; Wang et al., 2008) . Briefly, 1 ml P. ulvae TC14 or C. violaceum 12472 culture was centrifuged at 6000 g for 10 min. The cell pellet mixed with 1 ml absolute ethanol (Fisher) was submitted to ultrasonication for 20 min until the bacterial cells were completely bleached. The ethanol extract was separated from the cells by centrifugation at 10 000 g for 20 min and the absorbance of the violet pigment was monitored at 575 nm using a spectrophotometer (Thermo Scientific; Genesys 20). The extraction and the pigment dosage measurements were carried out during the study of growth kinetics in MB and VNSS during which, at the same time points (i.e. every 24 h), bacterial concentration was evaluated by measuring the optical density at 700 nm. The same extraction protocol was used for violacein characterization after growing the strain to its post-exponential growth phase.
Characterization of violacein by liquid chromatography (LC)/ diode array detection (DAD)/MS. The presence of violacein in the crude ethanol extracts of P. ulvae TC14 and C. violaceum 12472 was deduced by LC/DAD/MS analysis. Chromatographic experiments were performed on a LaChrom Elite chromatographic system equipped with a DAD detector (L-2455; 190 to 700 nm) and an Esquire 6000 electrospray ionization MS (ESI-MS) spectrometer. Compound separation was achieved on an analytical reversed-phase column (Phenomenex; Gemini C 6 -phenyl, 4 mm, 250|3 mm; flow rate 0.5 ml min
21
) maintained at 30 uC. Bacterial extracts were solubilized in 2 ml methanol (VWR; HPLC grade) and a 20 ml sample volume was injected into the chromatographic system. The gradient elution was implemented with a binary mobile phase consisting of solvent A [water/formic acid (100 : 0.1, v/v)] and solvent B [acetonitrile/formic acid (100 : 0.1, v/v)]. The gradient program started with 90 % A for 5 min, then the proportion of B increased linearly from 10 to 100 % in 30 min and this eluent composition was maintained for 20 min until re-equilibration of the system to the initial conditions (10 min).
Extraction of AHLs. AHL extraction of P. ulvae TC14, A. tumefaciens KYC6 and C. violaceum 3152 was performed according to the protocol described elsewhere (Gardères et al., 2012; Morin et al., 2003) . Briefly, at different time points of growth (6, 12, 24, 48, 72 and 96 h), 50 ml bacterial culture were centrifuged at 3000 g for 10 min at 4 uC. Culture supernatants were extracted three times with dichloromethane (1 : 1, v/v) (VWR). The organic phase was dried with the addition of anhydrous magnesium sulfate (OSI), then filtered and evaporated under reduced pressure at 40 uC. The dry extract obtained was dissolved in 1 ml methanol (VWR; HPLC grade) for LC/DAD/ Microbiology 161 AHLs were detected using the same LC/DAD/MS system described above. Separations were performed using a reversed-phase analytical column (Merck Purospher STAR RP-18, 5 mm, 125|4 mm; flow rate 0.5 ml min
) and a binary mobile phase [A, water/formic acid (100 : 1, v/v), and B, acetonitrile/formic acid (100 : 1, v/v)]. The elution program was performed as follows: (i) an initial isocratic step with 10 % B for 16 min, (ii) a linear gradient leading to 100 % B for 30 min, and (iii) a final re-equilibration of the chromatographic system with 10 % B for 10 min. Thus, 25 ml of each AHL standard and P. ulvae TC14 extract were injected. AHLs were detected on the extracted ion chromatogram by monitoring the characteristic fragment ion at m/z 102 derived from the HSL moiety.
Biosensor assays. P. ulvae TC14 and the biosensor C. violaceum CV026 or A. tumefaciens A136 were streaked 0.5 cm apart from each other ('T streak' shape) on a VNSS agar plate, which was incubated at 20 uC for 48 h as described elsewhere (Chu et al., 2011) . A second approach was to grow each strain in their respective medium and conditions of growth, while TC14 was streaked on a smaller Petri dish (50 mm diameter). After 24 h incubation, the smaller Petri dish was turned upside down onto the bigger ones, allowing proximity between TC14 and biosensors (Huang et al., 2009 ), and the dishes were then incubated at 20 uC for an optimal production of potential AHLs by the marine strains. Finally, the inoculation of 10 ml TC14 bacterial extract was performed in the centre of LB agar Petri dishes. After evaporation of the solvent, biosensors CV026 or A136 were streaked near the deposit, and the plates were incubated at 30 uC, the appropriate temperature for biosensors, for 48 h.
Effect of exogenous AHLs and bacterial extracts on violacein production. For planktonic culture conditions, TC14 was cultivated in either VNSS or MB broth from a post-exponentially grown bacteria suspension with the addition of AHLs at a final concentration of 50 mM when needed, similar to previous studies (Geske et al., 2005; Wang et al., 2008) . A stock solution of each AHL had been prepared at 5 mM in VNSS or LB media with 10 % DMSO and stored at 220 uC, in order to get a final AHL concentration of 50 mM, with only 0.05 % DMSO for the bioassays.
For sessile culture conditions, plastic Petri dishes were inoculated with 10 ml post-exponentially grown bacteria at OD 600 50.1 either in VNSS or MB medium. AHLs were added at 50 mM (prepared as above). The incubation was performed at 20 uC for 72 h in order to allow biofilm development. After 48 h incubation, 10 ml broth supplemented or not with AHLs were added. The supernatant was removed and all the biofilm was scraped into a PBS buffer solution for analysis.
For the effect of bacterial extracts on violacein production, 24-well microplates were inoculated with 100 ml stock solution of extracts of the biosensors A. tumefaciens KYC6 and C. violaceum 31532, and TC14 itself, were added to 900 ml of TC14 suspension prepared at an OD 700 of 0.1 in VNSS. The incubation was performed at 20 uC under similar agitation conditions and the growth was monitored by measuring the OD 700 every 24 h for 3 days, while violacein was monitored by measuring the A 575 after extraction.
Effect of exogenous AHLs on adhesion, motility and biofilm.
Adhesion assay was performed following the protocol of Camps et al. (2011) . A post-exponential phase suspension of P. ulvae TC14 in VNSS was centrifuged and resuspended in artificial seawater to reach an OD 600 of 0.8. Then, the bacterial suspension was inoculated in a 96-well plate with or without AHL at the indicated final concentrations. After 24 h of incubation at 20 uC with agitation at 120 r.p.m., non-adhered bacteria were eliminated with three successive washes with a sterile 36 g NaCl l 21 solution. The adhered bacteria were labelled with a fluorescent DNA-binding dye, SYTO Red 61, at 1 mM. After 20 min incubation, the SYTO Red 61 was removed by a wash in the NaCl solution and fluorescence intensity was measured with a Tecan plate reader (l excitation5628 nm, l emission5645 nm) as previously described (Camps et al., 2011) .
Swimming and swarming phenotypes were evaluated in VNSS supplemented with agar, 0.3 % and 0.5 % (w/v). For both assays, 5 ml bacterial culture in post-exponential phase was deposited with a tip on the centre of the agar surface. The exogenous AHLs that showed a significant effect on violacein production were added to the agar at a final concentration of 50 mM, then incubated at 20 uC for 48 h.
BioFilm Ring Test (BioFilm Control) is an assay allowing the evaluation of the biofilm formed by bacteria, measuring the motility of magnetic micro beads (TON006N) inoculated with the bacterial suspension, and was performed as previously described (Brian-Jaisson et al., 2014) . The exogenous AHLs were tested at concentrations ranging from 50 to 200 mM. The D BFI (change in biofilm formation index) (D BFI5BFI control2BFI sample) was calculated.
Statistical analyses. GraphPad Prism 5 (GraphPad Software) was used for statistical analyses of the results regarding the violacein production in planktonic and sessile conditions. Data were analysed using one-way and two-way ANOVA, and treatment effects were separated using Bonferroni and Tukey's multiple comparison post hoc tests. Statistical significance was accepted from Pv0.05.
RESULTS

Characterization of P. ulvae TC14 purple pigment as violacein
The P. ulvae species was previously shown to produce a purple pigment (Egan et al., 2001) . In this study, the ethanolic pigment extract of a post-exponential suspension of TC14 was analysed by LC/DAD/MS and the presence of violacein was confirmed regarding its experimental MS and UV-visible data. The chemical profiles obtained from TC14 revealed a peak (t R 523 min) that showed ( + , 298, 209 and 157 (Ahmad et al., 2012; Yada et al., 2008) for violacein; and (iii) a UV-visible spectrum with maximal absorptions at 260, 375 and 575 nm, in accordance with previously published data for violacein. These results were strengthened by the occurrence on the chromatogram of C. violaceum 12472 extracts of a chromatographic peak at the same retention time and with identical spectral properties (Fig. S2 ). It may be noted that, in the chromatographic window defined by our experimental conditions, this compound (i.e. the peak at t R 523 min) was the only one in the extracts of TC14 that showed a significant absorption at 575 nm.
Violacein production by P. ulvae TC14 in VNSS versus MB In order to evaluate the amount of violacein produced in media in which TC14 grew, the violet pigment was extracted and its quantity was evaluated by measuring the absorbance at 575 nm at different time points from the bacterial cells growing in VNSS or MB (Fig. 1 ). The growth of TC14 was simultaneously monitored by measuring the optical density at 700 nm. As shown in Fig. 1 , TC14 grew twice as much in MB than in VNSS. In VNSS, the growth decreased slowly after 24 h incubation, which corresponded to the post-exponential phase. While in MB, the bacteria grew exponentially until about 24 h before slowing down until 72 h and declining afterward. However, regarding the production of violacein, TC14 did not significantly biosynthesize the pigment in MB (A 575 max50.02), whereas the production was sixfold higher in VNSS, reaching a maximum value (A 575 max50.12) after 96 h incubation, similar to results published elsewhere . Taken together, these results showed that TC14 was able to grow well in MB, while producing a very low amount of violacein. However, this strain grew at a lesser extent (about twice less) in VNSS, but with a substantial production (sixfold difference at 96 h) of violacein. Therefore, VNSS appears to be the most appropriate medium to study the regulation of violacein production by potential intrinsic or extrinsic AHLs.
Research of AHLs produced by P. ulvae TC14 Two biosensors, C. violaceum CV026 and A. tumefaciens A136, were used in this study, where CV026 responds to C 6 -HSL and C 4 -HSL, and A136 to C 6 -HSL, C 8 -HSL, C 10 -HSL, C 12 -HSL, C 14 -HSL, 3-oxo-C 6 -HSL, 3-oxo-C 8 -HSL and to all 3-oxoHSLs, 3-OH-C 6 -HSL, 3-OH-C 8 -HSL and 3-OH-C 10 -HSL. Neither the blue colour due to hydrolysis of X-Gal in the case of A136 nor the purple colour due to synthesis of violacein for CV026 were detected when TC14 was streaked against these biosensors, in contrast with their respective control strain A. tumefaciens KYC6 and C. violaceum 31532 (Fig. S3a) . Using the second biosensor assay approach with upside down dishes (see Methods), where each of the strains used grew in their own medium, no change in colony colours was observed in contrast with the positive controls (Fig. S3b) . To rule out the potential issue of the culture conditions compatibility between the strains, extracts obtained from TC14 cultures were tested on the biosensors grown on their dedicated LB medium and on TC14 itself. No modification of the colony colour was observed ( Fig. S3c and data not shown), while for the positive controls the extract of KYC6 triggered the production of blue colonies of the A136 strain, and the extract of 31532 induced the production of violacein by the CV026 strain. Therefore, these assays indicate that in our conditions, TC14 does not produce AHLs in the range recognized by these two biosensors.
In order to assess whether TC14 is able to produce AHL molecules that are outside the range recognized by the biosensors used, bacterial extracts obtained at different growth phases in VNSS and MB, in particular in exponential and stationary phases, were analysed by LC-MS. These different extracts exhibited comparable chromatograms. No obvious AHL signal was detected in VNSS or in MB and, no characteristic ion peak at m/z 102 (corresponding to the lactone moiety) was observed in the extracted ion chromatogram. However, a signal corresponding to C 6 -HSL was detected (data not shown) in the extracts of 31532 (positive control of CV026). It is worth mentioning that we did not observe any modification of the pH values in VNSS during the growth of TC14, which could have altered the integrity of the AHLs (data not shown). Taken together, these results suggest that TC14 does not produce intrinsic AHL molecules under these conditions.
Impact of exogenous AHLs on P. ulvae TC14 violacein production
In order to investigate whether the production of violacein is controlled by a QS system with a functional LuxR-type receptor, the effects of some current exogenous AHLs were first evaluated in planktonic conditions, either in A. M. Ayé and others VNSS or MB. AHL with an acyl chain length from 4 to 14 carbons, as well as 3-oxo-AHL derivatives, were added to TC14 cultures . The ones that had an effect on violacein production in VNSS were then used in subsequent experiments. Hence, the violacein production showed that after 24 h incubation in VNSS, no difference in the production of violacein was observed between the control without AHLs and the cultures where they were added, except in the case of 3-oxo-C 8 -HSL (Pv0.05). At 48 h incubation, significant differences were observed for 3-oxo-C 8-(Pv0.05) and C 6 -HSLs (Pv0.01). The addition of C 6 -, 3-oxo-C 8 -and 3-oxo-C 12 -HSLs increased more significantly the production of violacein at 72 h (Pv0.001) than the addition of C 12 -HSL (Pv0.05), compared to the control without AHLs. In contrast, 3-oxo-C 6 -HSL decreased significantly the production of violacein at 72 h (Pv0.01) (Fig. 2a) . Most of the effects of exogenous AHLs were observed during the post-stationary growth phase, i.e. after 24 h of growth. The same pattern of results have been obtained when the culture of TC14 in VNSS was incubated in presence of organic extracts of the biosensors A. tumefaciens KYC6 and C. violaceum 31532 strains, which overproduced 3-oxo-C 8 -and C 6 -HSLs, respectively. These extracts increased the production of violacein in TC14. Significant differences were observed for the extract of KYC6 at 48 and 72 h incubation (Pv0.001) and the extract of 31532 at 48 and 72 h (Pv0.05) (Fig. 3) . When the extract of TC14 was tested on TC14 itself, no modification of violacein production was observed (data not shown).
Similarly, the effect of C 6 -, C 12 -, 3-oxo-C 8 -, 3-oxo-C 12 -as well as 3-oxo-C 6 -HSLs was evaluated on the production of violacein by TC14 in MB. However, no difference was observed compared to the control, where no AHL was added (Fig. 2b) . Little or no violacein was produced in all the cases studied, as shown by the absorbance values obtained (A 575 v0.1), which were not significantly different.
To ensure that these compounds showed no toxic effect, the growth of TC14 was monitored during 72 h in VNSS supplemented with 50, 100 and 200 mM of different AHLs. None of the AHLs modified TC14 growth compared to the control sample without added AHLs (data not shown), suggesting that they did not present any toxicity on this strain under these conditions.
The study of the influence of AHLs on the ability for TC14 to produce violacein was also performed in biofilm formed in both media in polystyrene Petri dishes after 72 h culture and the results were compared to those obtained with the planktonic cultures at the same time. The presence of 3-oxo-C 8 -HSL induced a significant increase in the violacein production (Pv0.01) in TC14 biofilm formed in MB (Fig. 2d) , while the other AHLs had no effect. When the biofilm of TC14 was grown in VNSS, the presence of AHLs did not induce any modification in the violacein production by this strain (Fig. 2c) . When the violacein production of TC14 was compared in sessile versus planktonic conditions, its presence was overall more important in sessile conditions than in planktonic ones, whether MB or VNSS was used (Fig. 2e, f) .
Taken together, these results indicate that violacein production in TC14 is influenced by exogenous AHLs when the planktonic culture is performed in VNSS, but not in MB or when the sessile culture is performed in MB and not in VNSS, with the overall production of violacein being three to five times higher in sessile compared to planktonic conditions.
Impact of exogenous AHLs on P. ulvae TC14 biofilm-associated phenotypes
First, the impact of exogenous AHLs was tested on the adhesion of TC14 using a microplate assay as described previously (Camps et al., 2011) . The results showed that the oxo-substituted AHLs exhibited an interesting inhibitory effect. Indeed, 3-oxo-C 12 -HSL reduced significantly the adhesion starting from 50 mM. At 100 mM, it showed an almost 50 % reduction in adhesion. Then, 3-oxo-C 8 -HSL and 3-oxo-C 6 -HSL decreased the adhesion, respectively, at 100 and 200 mM, while the other exogenous AHLs tested showed no significant effect (Pv0.05) on TC14 adhesion (Fig. 4) .
Second, in presence of exogenous AHLs, such as C 12 -HSL, 3-oxo-C 6 -HSL, 3-oxo-C 8 -HSL and 3-oxo-C 12 -HSL at 50 mM, the swimming performed by TC14 was significantly reduced (Pv0.05) (Fig. 5a) . Indeed, the migration of TC14 in the presence of these exogenous AHLs was significantly lower (approx. Ø51.8 cm), compared to the migration of TC14 in the absence of the AHLs (Ø53 cm). While a significant decrease was observed regarding the swimming migration, none of the exogenous AHLs tested had a significant effect on the swarming (Fig. 5b) .
Finally, in order to evaluate the influence of the exogenous AHLs on TC14 ability to form a biofilm in microplates, the BioFilm Ring Test was performed in MB as previously described (Brian-Jaisson et al., 2014) . The results show that TC14 formed a biofilm (Fig. 6a, b) starting from 48 h (D BFI w15). The ability to form a biofilm was assessed in presence of exogenous AHLs at 50, 100 and 200 mM. Only 3-oxo-C 6 -HSL seemed to affect biofilm formation at 48 h, with a significant effect observed at 200 mM, while this concentration did not impact bacterial growth. However, no effect was significantly measured at 72 h, suggesting that 3-oxo-C 6 -HSL seemed to slow biofilm formation until 48h and this effect was annihilated from 72 h.
Therefore, the oxo-derived AHLs have the most effect on TC14 biofilm-associated phenotypes, in particular 3-oxo- C6-HSL, which reduces adhesion, swimming and, to a lesser extent, biofilm formation.
DISCUSSION
In this study, we have investigated whether the marine bacterium P. ulvae TC14, one of the rare bacterial producers of purple pigments, isolated from the Mediterranean Sea, produces the violacein pigment and whether QS AHL molecules could modify its production and modulate biofilm-associated phenotypes such as adhesion, motility and biofilm formation.
The data presented in this study show that the pigment produced by TC14 fits the characteristics of the violacein pigment as previously determined for another member of the genus Pseudoalteromonas Area of migration (mm) , 2008) . This pigment is substantially retained in bacteria, and could play an ecological role against other competitors present in the local environment such as biofilm, in particular predators feeding on bacteria. Indeed, for instance, Matz et al. (2004) showed that the uptake of less than three cells of violacein-producing bacteria in nanoflagellate bacterivorous protozoa resulted in rapid flagellate bacterivorous cell death after about 20 min (Durán et al., 2012) . The synthesis of this pigment has been evaluated in presence of several AHL molecules in different media, growth phases and culture conditions. Bacterial growth and production of violacein have been compared in two rich marine broths, VNSS and MB. The results show that TC14 produces violacein in VNSS but not significantly in MB, while this strain grows twice more in MB than in VNSS. Results from Egan et al. (2001) show that two marine strains, P. ulvae UL12 T and UL13, produce a purple pigment in VNSS but not in LB20 (LB medium with 20 g.l-1 of NaCl) and TSB (Tryptic Soy Broth) media, suggesting that the difference in violacein production could be linked to the composition of the culture medium. According to some authors, violacein production could depend on carbon sources and/or metabolic stress (Yang et al., 2007) . Violacein production can be induced in the presence of glycerol and antibiotics but reduced in the presence of glucose (Pantanella et al., 2007) . Similarly, violacein synthesis, especially in C. violaceum, is enhanced by nutrient factors including carbon or nitrogen sources such as glucose, peptone and yeast extract; peptone was shown to have the largest effect on bacteria cellular mass and on violacein production (Mendes et al., 2001 ). In our study, the main difference between these two marine media, beside salts composition, is related to the carbon sources. MB has five times more peptone and twice more yeast extract, and no glucose or soluble starch, compared to VNSS. Thus, the absence of glucose and starch might not prevent bacterial growth but might indirectly reduce the amount of violacein produced in MB. Beside the composition of the culture medium, the stress conditions encountered by the strain could explain the high production of violacein. Pantanella et al. (2007) have suggested that violacein could be synthesized in response to stress conditions resulting from a prolonged survival state. The production of violacein by TC14 shows the largest increase in the stationary phase of growth in VNSS and reaches its maximum during the early declining phase, when nutrient depletion is more pronounced. Moreover, in sessile conditions, TC14 exhibits the ability to produce violacein in both VNSS and MB unlike in planktonic conditions wherein violacein is mainly produced in VNSS. In biofilm, the bacterial metabolism could change due to several factors, such as the close proximity of other bacteria, the matrix composition and structure, and, thus, the access to nutrient/components such as oxygen (Anwar et al., 1992) . Several studies have reported major changes in the physiology of bacteria when grown in biofilm (Davies et al., 1993; Giwercman et al., 1991; Sutherland, 2001) . The higher production of violacein by TC14 in MB in sessile versus planktonic conditions could be induced by an increase of the bacterial intrinsic stress due to modifications of their environment, regardless of the culture media and of the presence of AHLs. Therefore, a metabolic stress or the presence of a particular component in a higher/lower amount and, thus, the bacterial physiological state may have induced a modification of the production of violacein in TC14. Unravelling the effect of stress and component concentrations during bacterial growth, implying a minutely detailed study of the effect of each source of stress and of nutriments, would probably give more information on their impact on violacein production. In order to verify whether TC14 synthesizes intrinsic AHLs, two biosensors that are able to sense a wide panel of AHLs were used (Steindler & Venturi, 2007) . The results show that the use of biosensors did not allow the detection of AHLs in TC14 or in its extract. However, biosensors do not allow the screening of all AHLs. The A136 strain recognizes 3-oxo-AHLs with a long acyl chain from 4 to 12 carbons, while the CV026 strain detects short and medium acyl chain AHLs and cannot detect the 3-hydroxy derivatives (Steindler & Venturi, 2007) . The detection of other structures of AHLs, especially 3-hydroxy-AHLs and uncommon AHLs (Steindler & Venturi, 2007) , cannot be tested using this approach. Therefore, LC-MS was performed, allowing the detection of all types of AHLs in the bacterial extracts. The LC-MS results indicate that none of the main AHLs synthesized by many other bacteria (Miller & Bassler, 2001 ) are produced during the growth of TC14 in these conditions. The range of detection of TC14 molecules that could be detected by LC-MS has been evaluated on the basis of the known natural AHLs described in the literature (C 4 -C 18 -HSL). However, other QS molecules encountered up to now in Gram-negative bacteria could be further investigated such as quinolones (Pesci et al., 1999) , AI-2 (furanosyl borate diester) (Bassler, 2002) , indole and some cyclic dipeptides (2,5-diketopiperazines; DKPs) (Campbell et al., 2009; Holden et al., 1999) . In fact, a set of DKPs isolated from a range of Gramnegative bacteria have been reported to modulate QS receptor activity in strains previously considered as using only the AHLs (AI-1) QS system. Therefore, these data suggest that the production of violacein in TC14 is not under the control of classical intrinsic AHLs in contrast with C. violaceum 12472 and Pseudoalteromonas sp. 520P1, in which biosynthesis of violacein is controlled by C 6 -HSL (Chernin et al., 1998) , and 3-oxo-C 8 -HSL . As the mechanism of production of violacein in TC14 is still unknown, the hypothesis that the physiological state of the bacterium could be involved in production of violacein has to be considered. Another hypothesis is that the TC14 lacks the AHL synthase gene or a functional LuxI protein while it may still possess a functional LuxR-type receptor. Indeed, some bacteria do not possess a LuxI-type protein but possess a LuxR-type receptor, which responds to exogenous AHLs (Case et al., 2008; Dobretsov et al., 2009; Subramoni & Venturi, 2009) , and regulate, for instance, the virulence in Salmonella typhimurium (Ahmer et al., 1998; Smith & Ahmer, 2003) , the biofilm formation in Porphyromonas gingivalis and Escherichia coli (Asahi et al., 2010; Lee et al., 2007; Smith & Ahmer, 2003) and inhibit the growth of Por. gingivalis (Komiya-Ito et al., 2006) . Another hypothesis could be that the bacterium may produce native AHLs but is not able to export them, due to a lack of sufficient or specific efflux pump activity (Evans et al., 1998; Fuqua & Greenberg 2002; Pearson et al., 1999) . In this case, these molecules cannot fully participate in intercellular communication and in the regulation of bacterial population behaviours. In order to check whether the production of violacein in TC14 is under the control of QS and whether TC14 is able to sense AHLs through a LuxR-type protein, the production of violacein was assessed in the presence of several commercial exogenous AHLs. Some of these AHLs show an agonist effect on the production of violacein in TC14, while others have an antagonist effect. Indeed, 3-oxo-C 8 -, 3-oxo-C 12 -and C 6 -HSLs show the highest increase in the production of violacein from planktonic bacteria, in particular after 72 h incubation in VNSS, but this phenomenon is not observed in MB. However, in contrast to C. violaceum, in which the C 10 -HSL inhibits the production of violacein (Morohoshi et al., 2010) , 3-oxo-C 6 -HSL reduces it in TC14. It is interesting to note that the AHLs that induce production of violacein in C. violaceum (C 6 -HSL) and in Pseudoalteromonas sp. 520P1 (3-oxo-C 8 -HSL) agonize the production of violacein in TC14. Within biofilm cultures, in the presence of exogenous AHLs, such as 3-oxo-C 8 -HSL, the production of violacein is enhanced in MB, confirming a QS regulation. In VNSS and in sessile conditions, the exogenous AHLs tested have no effect on the violacein production. Some AHLs such as 3-oxo-C 6-HSL, which reduce the violacein in planktonic conditions, have no effect when TC14 is cultivated in sessile conditions. This could be explained, for instance, by the presence of external factors triggering the downregulation of the QS system. It is known that the bacterial environment (i.e. culture conditions) has an important effect on the expression and the detection of QS-regulated genes, these genes being either upregulated or downregulated (Makemson et al., 1997; Wagner et al., 2003) . Indeed, QS is connected to other regulatory networks, such as the cyclic di-GMP signalling system, with the overall goal of allowing bacteria to adapt and respond to changing environmental conditions, at low or high cell density (Srivastava & Waters, 2012) . Therefore, if the regulation of the production of violacein in TC14 is controlled by a functional QS system through exogenous AHLs in a given situation, TC14 could be used as a tool for the screening of potential anti-QS molecules, as are C. violaceum ATCC 12472 (McLean et al., 2004) or C. violaceum CV017 (Dobretsov et al., 2011) . With such a bacterium producing a visible phenotype regulated by QS as for C. violaceum, not only is the addition of an engineered reporter system not needed but also molecule testing can be performed in salts solutions or marine media, i.e. in conditions closed to seawater. Overall, our data show that TC14 most probably contains a functional QS receptor system that allows the sensing of exogenous AHLs. However, these data suggest that the AHL synthases are most probably absent or not functional in TC14, since no AHLs could be detected. It is interesting to note that among the 53 strains belonging to the genus Pseudoalteromonas, whose genome has been sequenced (as a permanent draft), 47 % belonging to 12 different species have at least one luxR gene. Among them, only one strain, Pseudoalteromonas citrea NCIMB 1889, seems to possess a luxI gene (http://img.jgi.doe. gov). One way to verify this hypothesis in TC14 would be to look for the presence of luxI and luxR-type genes in its genome, or better to check for the presence and the potential regulation of their transcripts and proteins.
The influence of the AHL molecules was evaluated on adhesion, motility and biofilm formation in order to verify whether these phenotypes could be controlled by QS molecules as is violacein production. In our study, it is worthwhile to note that among the exogenous AHLs tested, the oxo-derived AHLs, such as 3-oxo-C 6 -HSL, 3-oxo-C 8 -HSL and 3-oxo-C 12 -HSL, which are widespread in the environment (Dobretsov et al., 2009; Miller & Bassler, 2001) , are consistently the ones that have the most effect on these three phenotypes, in particular 3-oxo-C 6 -HSL. This molecule is indeed able to reduce not only TC14 violacein production but also adhesion, swimming and biofilm formation. As adhesion and motility are often closely related phenotypes, we noticed that the same AHLs that inhibit adhesion also inhibit swimming. These AHLs, especially 3-oxo-C 6 -HSL, 3-oxo-C 8 -HSL and 3-oxo-C 12 -HSL, could act on the production of flagella, which is essential to swimming or swarming and can be involved in adhesion. Very few studies have reported cases of marine bacteria adhesion inhibition by QS molecules (Morohoshi et al., 2008) . In addition, in the literature, no AHL has been described as an inhibitor of bacterial mobility. Various molecules, such as halogenated furanones, inhibit the swarming of bacteria including E. coli XL1-Blue (Andersen et al., 2001) and Proteus mirabilis (Givskov et al., 1996) . According to Daniels et al. (2004) , QS molecules such as DKPs and halogenated furanones are likely to influence the swimming or swarming behaviours regulated by QS in bacteria that do not produce such molecules. In our study, exogenous 3-oxo-C 6 -, 3-oxo-C 8 -and 3-oxo-C 12 -HSLs inhibit swimming and not swarming, most probably because TC14 performs a weak swarming (Brian-Jaisson et al., 2014) . Similarly, one AHL analogue (C 9 -CPA) inhibits swarming and not swimming in Serratia marcescens AS-1 (Morohoshi et al., 2008) . These different results suggest that even if both types of motility often involve the same flagellar devices, exogenous molecules may have an effect on one and not on the other, targeting different genes related to motility (Daniels et al., 2004) . The demonstration that a molecule can target different genes resides in the fact that 3-oxo-C 8 -HSL and 3-oxo-C 12 -HSL are both significantly active on adhesion and violacein production. This can depend on how the target genes are related/linked within one QS regulation circuit, and this can be strain-dependent.
Regarding bacterial biofilm formation, it is inhibited by some molecules structurally or functionally identical to AHLs (Bauer et al., 2005; Geske et al., 2005; Hentzer et al., 2002) . Geske and collaborators reported that non-native AHLs (bromophenyl AHLs and indole AHLs) inhibit biofilm formation in Pseudomonas aeruginosa from 50 mM (Geske et al., 2005) . The halogenated furanones, which are structurally identical molecules to AHLs, inhibit biofilm formation of E. coli XL1-Blue by decreasing its thickness to 55 % (Andersen et al., 2001) . As mentioned by Haras (2005) , some non-native AHLs could influence adhesion and biofilm formation in non-AHL producing bacteria. In a recent study published by de Oca-Mejía and collaborators in 2015, the authors have demonstrated that violacein production and biofilm formation of C. violaceum are controlled by QS and that both phenotypes were inhibited by brominated furanone C-56 (de Oca-Mejía et al., 2015) . Also, Burt and collaborators showed that a natural antimicrobial carvacrol reduces C. violaceum biofilm formation at sub-lethal concentrations (Burt et al., 2014) . In our study, only 3-oxo-C 6 -HSL showed an inhibitory effect at 200 mM and 48 h. The molecule seems to slow down biofilm formation up to 48 h and its inhibition appears to be compensated by biofilm development thereafter.
In conclusion, this study shows that a marine bacterium isolated from the Mediterranean Sea, P. ulvae TC14 (Brian-Jaisson et al., 2014) , produces a purple pigment that was identified and characterized as violacein. P. ulvae TC14 does not secrete any AHLs in our conditions, but is, however, sensitive to some exogenous AHLs. These exogenous AHLs regulate the production of violacein and other phenotypes associated with biofilm formation, such as adhesion and motility, suggesting the presence of a functional AHL LuxR-type receptor in TC14. Inhibition of bacterial biofilms, as well as bacterial adhesion and motility, is an alternative to the search for antifouling solution, particularly in the case of biological molecules such as AHLs. This raises the possibility of using the marine bacterium P. ulvae TC14 as a new biosensor tool for the screening of anti-QS compounds dedicated to applications in marine environment in planktonic or sessile conditions.
